Abstract.
Introduction
An agricultural aircraft is being used as a platform for remote sensing to detect weeds, fire ant mounds, spider mite infestations, deleterious constituents in water bodies, and crop water stress. GPS units placed in parallel with the aircraft's GPS-based Satloc AirStar guidance system (Satloc, LLC, Scottsdale, AZ) have been used in many of these applications, and a GPS-based video mapping system has been evaluated for image georeferencing (Thomson et al., 2002) . However, specifying which data point from the GPS corresponded with a specific point from an image was difficult because either of two sequential GPS locations could actually be assigned to a point on the image. Accuracy could only be + 65-m, at best, because of the one second GPS updating at high aircraft speeds. A more accurate method of spotting a ground point from the air would be beneficial for image georeferencing.
A variable-rate aerial application for agricultural aircraft is under development. This system is based on the Satloc M3 GPS-based guidance system and AutoCal flow controller (Houma Avionics, Houma, LA). A ground-based spotting device, described by Smith and Thomson (2003) , allows accuracy of the airplane's Satloc to be determined by instant comparison with a geographically referenced ground location. Accurate ground spotting will be necessary for precision placement of chemical as specified by an input prescription file, and this will also have benefits for accurate image georeferencing. Parallel GPS units could simply be referenced to the Satloc whose accuracy has been quantified. These parallel GPS units will also be used to automatically trigger digital cameras over ground-referenced GPS locations for collection of remote imagery. The accuracy and consistency of these GPS units must be evaluated for successful implementation of the GPS-based automatic triggering device.
In summary, specifying the precision and accuracy of both on-board guidance and parallel GPS units is necessary for applications such as variable rate application and remote sensing. Preliminary data are presented herein quantifying accuracy of two parallel GPS units measured against a geographically referenced Satloc unit.
Procedures
An Air Tractor 402B aircraft was used for the study. To determine positioning error for the Satloc, four flights in four directions each (N, S, E, W) were conducted on four different dates in 2003. The airplane was flown at an approximate 3.0-m height directly above a ground target referenced using both a Garmin 76S WAAS-corrected GPS and Rockwell Collins PLGR+. The latter uses the military PPS (Precise Positioning Signal) to obtain a position fix (Sidle, 1999) . Runs conducted on the final date (11-04-2003) were diagonal (NE, SE, SW, and NW).
For the test of Satloc accuracy, two mirrors were placed strategically to reflect sunlight to the belly of the aircraft when the plane passed over the ground reference point. When the ground location was reached, sunlight was detected by a photocell, causing a solid state relay to close. The system responded to the relay closure by inserting records into the data log that contained time and GPS coordinates associated with the event.
Further details of the ground-spotting system can be found in Smith and Thomson (2003) .
GPS units and data acquisition devices were placed in parallel with the Satloc system during testing so their performance could be evaluated. GPS units used were the Lowrance Airmap 100 and Garmin 76S (WAAS-capable), and data acquisition systems for these devices included the Red Hen Systems VMS 100 and Hewlett Packard 200LX palmtop. The VMS sent data to the audio track of DV videotape recorded by a Sony DCR TRV-103 DV camera. For data sent to the Palmtop, GPS data acquisition routines were programmed in QuickBasic, and then uploaded to the Palmtop. These routines were set to read NMEA and Text Output sentences and to extract only the data of interest.
Results
The average positioning error from the Satloc for all directions on 11-04-03 was 5.98-m, and the standard deviation of the readings ranged from 0.13 to 0.67-m for fast speeds and 0.13 to 0.26-m for slower speeds. Standard deviation across all positioning data for 11-04-03 was 1.34-m. Results from 10-15-03, 10-16-03, and 10-22-03 were comparable, and the complete evaluation is described in detail by Smith and Thomson (2003) . Since Satloc positioning was shown to be quite accurate over the four dates, Satloc positioning data could be used to evaluate parallel GPS units on the airplane.
All comparisons between the positioning data from the Satloc and Airmap showed the Airmap leading Satloc readings (Table 1) . The Airmap/VMS combination (10-15-03) appeared to record data a little faster than the Airmap/Palmtop combination (10-16-03) set to send the same number of data strings. However, a test conducted on 11-04-03 showed markedly different results than the identical test conducted on 10-22-03. The Airmap seemed to be faster than the Satloc by about 0.88-s on 11-04-03 over the 10-22-03 run. Data ranges (Max value-Min value) were comparable. Several 'diagonal' runs on 11-04-03 (Table 2) showed position/time results within 0.13-s of 2.08-s, further verifying the 11-04-03 positioning result illustrated in Table 1 . (Runs shown in Table 2 are unsigned as they are the vector composite of the two directions illustrated). Runs in a southerly direction (data not shown) were consistent with data shown in Table 2 , also. East-and west-direction data were not obtainable for 11-04-03. Table 3 illustrates results of a test conducted on 07-13-04, comparing the Airmap and Garmin 76S positioning data with Satloc data. The data could only be compared in a relative sense, however, because the Satloc showed an approximate 14-s delay when compared with both units. This peculiarity was also verified by graphing rapidly changing variables between the two units and shifting the data until the variables matched. Data integrity of the match was verified throughout the run, and the 14-s offset proved to be consistent. It did not seem to matter how many NMEA sentences were sent, as positioning differences were comparable. The Garmin 76S showed a slightly greater delay in position updating than the Airmap.
Figures 1 and 2 illustrate positioning differences as a function of ground speed (07-13-04) for both the Garmin and Airmap units. The Garmin unit showed a 30-m difference in position over the range of speeds illustrated, but the Airmap showed an inconsistent pattern with a maximum difference of only about 4.5-m. Thus, position as registered by the Garmin was more greatly influenced by ground speed than the Airmap.
Based on results from our study, the following conclusions can be made:
1. The Satloc indicated very good agreement with ground-referenced GPS readings. 2. Parallel GPS units showed updating inconsistencies between dates when run in identical fashion. 3. Accuracy of the Airmap 100 GPS was not influenced appreciably by changes in ground speed, but the Garmin 76S showed marked (but consistent) differences over a range of speeds. 4. The number of NMEA sentences output did not seem to influence updating speed for parallel GPS units in preliminary testing.
Relative comparison of parallel GPS units made on 07-13-04 (the day a position updating problem was noticed in the Satloc system) should still be valid because the problem was compensated for uniformly across runs. For the 2004 tests, the Satloc AirStar software was replaced with their AirTrac software. The system was also being interfaced with the AutoCal flow control system, so short-term system software problems may have caused the 14-s updating problem for the Satloc (7-13-04 test).
For the parallel GPS units, more runs will be needed to determine the cause of updating inconsistencies, as this will be essential for successful implementation of camera triggering programs and image georeferencing. Of the two units evaluated, the Lowrance Airmap appears to be a more suitable choice for use as a parallel GPS. WAAS-capable GPS are available from most manufacturers, including Lowrance (Lowrance, 2004) , although the GPS we used was not WAAS-capable. Table 2 . Diagonal runs made using the Airmap 100 on 11-04-03. Table 3 . Relative comparison of parallel GPS units on 07-13-04 after 14-s position updating offset was applied uniformly for the Satloc. 
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